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Abstract 
It is well established that colloidal polymer particles can be used to create organised 
structures by methods of horizontal deposition, vertical deposition, spin-casting, and 
surface pattern-assisted deposition.  Each particle acts as a building block in the 
structure.  This paper reviews how two-phase (or hybrid) polymer colloids can offer 
an attractive method to create nanocomposites.  Structure in the composite can be 
controlled at the nano-scale by using such particles.  Methods to create armored 
particles, such as via methods of hetero-flocculation and Pickering polymerization, 
are of particular interest here.  Polymer colloids can also be blended with other types 
of nanoparticles, e.g. nanotubes and clay platelets, to create nanocomposites.   
Structure can be controlled over length-scales approaching the macroscopic through 
the assembly of hybrid particles or particle blends via any of the various deposition 
methods.  Colloidal nanocomposites can offer unprecedented long-range 2D or 3D 
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order that provides a periodic modulation of physical properties.  They can also be 
employed as porous templates for further nanomaterial fabrication.  Challenges in the 
design and control of the macroscopic properties, especially mechanical, are 
considered.   The importance of the internal interfacial structure (e.g. between 
inorganic and polymer particles) is highlighted. 
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1. Introduction 
    Waterborne polymer colloids, often called latex dispersions, are firmly established 
for uses in many industrial products, ranging from cosmetics and pharmaceuticals to 
adhesives and coatings.[1,2] In these applications, single identical homogeneous 
particles are typically used as the “building blocks” of a larger structure.  Particle 
identity is usually lost upon film formation so that a homogeneous material is 
created.[3]  The science of latex film formation has reached maturity as a result of 
decades of study.  
     Within the past decade there has been enhanced interest in using colloidal polymer 
particles in water to create nanocomposites.  There are two broad strategies to make 
polymer nanocomposites:  (1) blends of colloidal polymer particles and a second type 
of particle (inorganic or polymeric) can be assembled into a desired structure, or (2) 
hybrid particles consisting of a polymer phase and a second phase can be assembled. 
Each strategy will be reviewed here.  A key advantage of the colloidal approach is 
that it offers control of structure at the nano-scale (within particles) and at the meso- 
and even macro-scale through the creation of ordered assemblies of particles.  The 
fabrication of nanocomposites offers exciting new challenges and opportunities for 
the science and technology of latex film formation. 
The quest for novel and enhanced properties is a key driver in the development of 
colloidal nanocomposites.  Nanocomposites with nanoscale fillers, e.g. nanoclay [4] 
and carbon nanotubes [5,6], have pronounced properties that are not realized with 
traditional micro-scale fillers. The mechanical properties, electrical and thermal 
conductivity, and flammability resistance all differ in nanocomposites in comparison 
to conventional composites.  Polymer colloids are usually dispersed in water and 
therefore offer a further attraction over other processing methods.  Organic solvents 
are not emitted into the atmosphere, making the process environmentally-friendly.  
When the polymer has a glass transition temperature (Tg) below the ambient 
conditions, the use of heat energy is not essential for the processing, in stark contrast 
to the melt-processing fabrication method, which requires lower viscosities and 
therefore temperatures far above the Tg or the melting temperature.  Hence, the 
waterborne process offers a further environmental benefit. 
     Our emphasis here will be on hybrid particles in which the core is polymeric and 
the shell or surface region is inorganic. Hybrid particles with inorganic cores and 
polymer shells prepared by miniemulsion polymerisation or in-situ polymerisation are 
not considered, as they have been reviewed elsewhere.[7-9] Polymer/polymer core-
shell hybrids are also not considered here.[10] We shall show that latex technology, 
which was developed in the 1950s, can be applied and extended to make 21st century 
materials. The development of colloidal nanocomposites builds on the expertise in 
polymer colloid science developed over several decades.  We note, in particular, that 
the creation of hybrid particles has emerged from the pioneering studies of hetero-
flocculation by Professor Brian Vincent and his collaborators. 
2. Colloidal particle assembly methods 
We will first consider methods by which waterborne colloidal particles can be 
assembled to create a desired structure.  When a colloidal dispersion of particles in 
water is deposited onto a substrate and water evaporation is allowed to proceed, either 
a continuous film or an array of separate isolated particles will form under the 
appropriate drying conditions. Highly dilute dispersions are used to create isolated 
particles.  The three most common deposition methods for polymer colloids are 
horizontal deposition [11], vertical deposition [12-14] and spin-casting [15-17].  
There is growing interest in the use of surface patterns to assist and guide the particle 
deposition, and this constitutes a way to control particle deposition by the other three 
methods. Each of these methods will be considered individually hereafter. 
2.1. Horizontal deposition 
    In the horizontal deposition process, the colloidal dispersion is cast on a substrate 
horizontally such that a planar layer of uniform thickness is created.  This flexible and 
fast method typically creates a layer with a thickness of several microns rather than 
nanometres. The process is illustrated in Figure 1a, and Figure 1b shows an example 
of close-packed polymer particles with a 3D-ordered structure obtained by direct 
horizontal deposition.  Such a perfect structure requires a tight control over the 
particle size; polydispersity in size leads to randomness in the packing.  The 
horizontal deposition of glassy colloidal particles to produce colloidal crystals is 
commonly employed to create templates for the deposition of a second phase.  A good 
example is in the creation of inverse opal structures for photonics applications.[18-20] 
Whether or not a continuous film is formed depends on the temperature of the 
deposition process relative to the minimum film formation temperature (MFFT) of the 
polymer colloids. In turn, the MFFT is dependent on the viscoelastic resistance of the 
polymer to deformation. If the film is cast above its MFFT, the film becomes 
continuous and clear (the average void size is well below the wavelengths of visible 
light), and the coalescence of the polymer colloid particles can occur.  At a 
temperature below MFFT, a cracked or even powdery film results. Conventionally, 
the film formation is separated into three primary stages: (I) evaporation of water and 
particle ordering; (II) particle deformation; and (III) interdiffusion of polymers across 
the particle-particle boundaries. Mechanisms for particle deformation include dry 
sintering (driven by the reduction of the polymer/air interfacial energy), wet sintering 
(driven by the reduction of the polymer/water (serum) interfacial energy), and 
capillary deformation (driven by the capillary pressure generated across the water/air 
menisci).[21] A mechanism in which a coalesced surface layer creates osmotic 
pressure that leads to particle deformation was proposed by Sheetz.[22] Detailed 
descriptions of the latex film formation process and the drying mechanisms are 
developed and summarized elsewhere. [23-26]  
Mono-sized particles can be packed into a face-centred cubic array in which each 
particle has twelve nearest neighbours.  When the particles deform to fill all available 
space, the boundaries between the particles flatten.  Each particle then creates a 
twelve-sided geometric figure known as a rhomboid dodecahedron.  If the film is 
sliced along a (111) plane, a hexagonal array – often called a honeycomb structure – 
is observed. 
2.2. Vertical deposition 
The horizontal deposition of colloidal particles across a large area usually creates 
a film with defects (e.g. “vacancies”) and with lateral variations in the type of packing 
(e.g. face-centred versus body-centred). On the other hand, vertical deposition has 
been found to produce superior quality colloidal films with fewer defects and a single 
packing type.  In vertical deposition, a substrate is held vertically in a colloidal 
dispersion and then lifted away from it to form a well-ordered monolayer or multi-
layer of particles on the substrate. This method has been modified by dipping the 
substrate into the dispersion inclined at an angle. Alternatively, the substrate can be 
dipped into the dispersion and then held in a stationary position while the solvent is 
allowed to evaporate. The solvent can be allowed to evaporate at either the natural 
ambient rate or at an accelerated rate to create colloidal layers.[27-30] The vertical 
deposition is highly effective provided that the evaporation velocity of the solvent 
exceeds the sedimentation velocity of the particles.[31]  
A schematic diagram of the vertical deposition process is presented in Figure 2a. 
During vertical deposition, convective mass flow and capillarity are the two main 
driving forces for the colloids to assemble at the substrate surface [32], with a 
thickness ranging from several nanometres (corresponding to a particle monolayer) to 
several microns. Examples of ordered monolayer and seven-layer (M = 7) silica 
microphere films obtained by vertical deposition process are presented in Figures 2b 
and 2c [33], respectively. Vibrations during the lifting or liquid dropping process can 
detrimentally affect the deposition and packing of the colloidal layers. 
The number of particle layers, M, in a colloidal film deposited from a dispersion 
of particles of diameter σc at an initial volume fraction φ is controlled by various 
factors described by the formula [34] 
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where β is a constant varying from 0 to 1, which depends on particle-particle and 
particle-substrate interactions, L is the meniscus height (i.e. the width of the wet 
particle array on the substrate), je is the evaporation rate of the solvent (water), and Vp 
is the liquid-surface dropping velocity or the lifting speed of the substrate.  
   The stronger the particle interactions, the smaller is the value of β.[33] For non-
adsorbing particles and dilute suspensions, β can be taken as 1. The evaporation rate is 
influenced by the temperature and humidity of the surrounding atmosphere. Besides 
the above parameters, the tilt angle of the substrate when dipped into the colloidal 
dispersion has been found to affect the thickness of colloidal crystals.[35] An 
investigation of poly(styrene)(PS)-water dispersions [36] demonstrated that M is 
proportional to the surface tension, but this parameter is not included in Equation 1.  
      Because of the tendency for sedimentation of larger colloidal particles, there is a 
limitation to the maximum particle size that can be deposited on a substrate by the 
vertical method. Both the aqueous phase viscosity and the relative densities of the 
particles and the water phase affect the sedimentation velocity.  Using water as the 
continuous phase, the maximum colloid size able to be deposited on a substrate is as 
large as 2 µm. As can be deduced from Equation 1, the solvent can be chosen to 
control the colloidal layer thickness. For example, under otherwise identical 
conditions, the colloidal layers will be thicker when using water rather than ethanol as 
a solvent, as water has a lower evaporation rate.  
The solvent’s evaporation rate and surface tension also affect the deposition 
rate and the packing order.[13,28] For example, when a surfactant is added to 
decrease the surface tension, a simple cubic array of spaced particles is more 
favourable, rather than a densely-packed, hexagonal array, which is favoured by a 
higher surface tension. [28]  Particles are drawn together as a result of the negative 
capillary pressures generated by a concave meniscus in the neck region between 
particles.  This pressure is directly proportional to the surface tension, so that 
decreasing the surfactant concentration below the critical micelle concentration 
decreases the extent to which particles are drawn together into a dense array.   
2.3. Spin-casting  
     Whereas horizontal and vertical depositions generally take hours or even days to 
create colloidal structures, spin-casting methods take only seconds. In this type of 
processing, the colloidal particles are dispersed in a suitable solvent and then cast onto 
a rotating substrate, so that shear forces induce two- or three-dimensional film 
patterns ranging from nanometer to micrometer thicknesses. Figure 3a shows a 
scheme of the spin-coating process. An example of a non-close-packed polymer 
particle array spin-cast on mica is presented in Figure 3b. In the spin-casting process, 
the evaporation rate of the continuous medium, the spinning velocity, the dispersion 
concentration, and its viscosity are all key parameters to control the particle packing 
and thickness of the structure. Unlike horizontal and vertical deposition methods, 
which usually result in close-packed colloidal particles, spin-casting can fabricate 
either close-packed [15,16] or isolated [37-40] particle arrays depending on the 
process conditions.   
2.4. Surface pattern-assisted deposition 
     Patterns on the surface of the substrate can be used to control the assembly of 
colloidal particles. This method has gained considerable attention for reasons of 
fundamental understanding and for advanced device fabrication.[41-45] Patterns on 
the substrate can be either chemical or topographical.  Particle assembly is achieved 
by any of the three methods of particle deposition (horizontal, vertical or spin-casting), 
but the surface pattern directs the particles during the process.  Spatial confinement 
leads to the colloidal assembly. 
Chemically-patterned surfaces usually have a lateral variation or modulation of 
electrostatic forces or charges, wettabilities, hydrophilicities, and so on.  A scheme of 
colloidal assembly with chemical patterning is provided in Figure 4a, with an 
experimental example in Figure 4c [45]. Colloidal particles with a certain surface 
chemistry will selectively locate on the patterned regions. For instance, electropositive 
particles will attach to negative regions, or hydrophobic particles will preferentially 
adsorb onto hydrophobic regions of the substrate. 
In topographical patterning, various arrays[46] of holes, grooves or microchannels 
on substrates are used to guide particle assembly, as illustrated schematically in 
Figure 4b with an experimental example in Figure 4d [46]. Both methods of surface 
patterning require a sequence of complex manufacturing processes to fabricate the 
substrate.  
     Jonas et al. [47] investigated the parameters influencing the templated growth of 
colloidal particles on chemically-patterned surfaces by vertical deposition.  In this 
case, silanol groups were used to create hydrophilic surface regions, and 
fluoroalkysilane monolayers were used to create hydrophobic surface patterns. The 
particles assembled onto the hydrophilic substrate by capillary forces.  
Unlike deposition on a non-patterned surface on which the colloid concentration is 
uniform along the air/solvent/substrate contact line, there is a concentration variation 
along the contact line when colloids are deposited over a hydrophilic stripe. In 
addition to the usual colloid flux from the bulk of the dispersion to the drying zone, 
there is a lateral particle flux from the hydrophobic region to the hydrophilic region to 
counter the discontinuous colloidal concentration. In vertical deposition, the liquid in 
contact with the hydrophilic stripe rises above the dispersion to a certain height, 
which is defined as the meniscus length, L. The liquid in contact with the hydrophobic 
stripe sinks below the solution. At the two sides where the hydrophilic and the 
hydrophobic regions meet, there is an abrupt change of the wettability and 
consequently a strong deformation of the meniscus shape. When the colloids are 
deposited on a patterned substrate, the pattern dimensions (line widths) have a strong 
influence on the deposited layer thickness and colloidal crystal quality.  
The deformation of the meniscus and the lateral particle flux makes Eq. 1 no 
longer valid, especially on substrates with narrow pattern dimensions. For example, a 
nonlinear dependence of the film thickness on the colloid concentration and the 
substrate withdrawal speed was identified for line patterns with widths below 100 µm 
in Jonas et al.’s work. [47] Control of this particular deposition behaviour is still 
based on empiricism and more precise work combined with modelling needs to 
emerge. 
In addition to substrate patterning, electrostatic [48], external electric field [49, 
50], floating self-assembly [51], centrifugation [52], filtration [53], and other methods 
[54-56] have all been investigated as a means for colloidal particle assembly. For 
example, in Figure 5 [51, 52] there are examples of three-dimensional structure 
obtained from floating self-assembly and centrifugation, respectively.  
3. Colloidal nanocomposites from particle blends 
      A straightforward way to create nanocomposites is through the blending of 
polymer particles with inorganic nanoparticles suspended in a common media (either 
water or an organic solvent).  Film formation from particle blends has the potential to 
fabricate ordered structures that provide a periodic modulation in the optical, 
photoluminescent, magnetic, electric and mechanical properties, which cannot be 
otherwise found in homogeneous structures. This method can essentially be 
considered a nano-scale version of the processing of pigmented latex films, which 
contain micrometer-sized particles of inorganic oxides, such as titania, silica or 
calcite.  A key challenge is to finely disperse the inorganic nanoparticles in water, and 
this topic will be considered next. 
3.1. Sterically-stabilized suspensions of inorganic nanoparticles 
     Because inorganic nanofillers usually have high surface areas and energies, they 
tend to aggregate and exhibit poor dispersion ability. Some simple theory explains this 
effect clearly.  The direct interaction force FD(r) between two bare spherical 
nanoparticles with a particle diameter σc separated at a distance r can be described by 
an expression for the Lennard-Jones (LJ) potential derived from analytical integration 
as [57]                   
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The attractive (negative) term with the r-7 dependence arises from attractive van der 
Waals forces.  Figure 6a shows the calculated direct LJ force profiles for pairs of 
particles with various diameters, σc. Here, a negative force represents an attraction. 
The minimum in the force profile becomes lower and moves to a closer separation 
distance as the nanoparticle diameter decreases.  Smaller particles are therefore more 
prone to aggregate and are more difficult to disperse and stabilize.  
To describe the interaction between nanotubes, Girifalco et al. [58] developed an 
expression for tube-tube interaction from the Lennard-Jones potential. They also 
derived an expression for tube-sphere interactions to describe nanotubes blended with 
nanoparticles. Yerushalmi-Rozen and coworkers [59] calculated the interaction 
potential for two parallel single-wall nanotubes (SWNTs) (expressed per unit length) 
as a function of the tube-tube distance, r, as illustrated in Figure 6b [59].  The 
attraction is a result of the dispersive energy. Several aspects of Figure 6b deserve 
comment.  A negative interaction energy here leads to attraction between the particles.  
The potential is very short ranged, approaching zero at a distance of about 2.5 nm, 
which is in contrast to interaction potentials of most colloidal dispersions, which 
extend much farther.  The potential is also quite steep (varying strongly with r) and 
the minimum energy level is quite significant, approaching – 40 kT/nm as r decreases 
below 2 nm.  Considering that carbon nanotubes can be more than 1 µm in length, the 
attractive interaction can be 1000s of kT.  These very high dispersive interaction 
energies are the origins of the aggregation of nano-objects [60].  In the case of 
nanotubes, the result is the formation of “ropes” or “bundles” and the loss of 
nanomaterial properties.  
     To overcome this fundamental problem of aggregation and poor dispersability, 
inorganic nanoparticles can be decorated with a layer of polymers.  These molecules 
impart steric stability to prevent the nano-inorganics from approaching separation 
distances in the attractive region.[61] Techniques of steric stabilization have been 
employed to stabilize various types of colloidal particles, including silica [62], clay 
[63], gold [64], Fe3O4 [65] and high aspect-ratio carbon nanotubes, through either 
covalent bonding[66] of the stabilizer onto the inorganic surface or through 
physisorption onto the surfaces.  Stabilization and dispersion of carbon nanotubes is 
of particular interest in high-strength nanocomposites, and review articles have been 
written on the use of surfactants [67] and chemical functionalisation. [68] Note that 
because of the short-ranged and steep interaction potentials between nanotubes, 
separating nanotubes by just a few nm is highly effective in stabilising them in a 
dispersion [59, 60].    
As a general rule of thumb, the properties of nanocomposites are usually inferior 
when the nanophases are not finely dispersed.  Aggregates of hard nanoparticles often 
create a weak point and lead to a loss of optical clarity because of the introduction of 
heterogeneity in the refractive index at length scales approaching the wavelength of 
light.[69] Hence, effective methods of dispersing nanoparticles to prevent 
agglomerates or bundles are essential. 
     Figure 7 shows examples of spherical nanoparticles stabilized by chemically-
anchored poly(4-vinylpyridine) [70] and cylindrical multi-wall carbon nanotubes 
(MWNTs) stabilized by physisorbed poly(vinyl pyrrolidone). To fabricate 
nanocomposites from waterborne polymer colloids, nano-fillers are usually modified 
with water-soluble molecules, such as polymers and surfactants, to disperse them in 
water. To disperse nanoparticles in a hydrocarbon solvent, suitable hydrophobic 
polymers can be used.  Diblock copolymers have been shown to be more effective 
than homopolymers as dispersants for nanotubes.  One block adsorbs on the surface 
while the other extends into the solvent to impart steric stability [61].  
     Lessons for the steric stabilisation of nanoparticles can be learned from the theory 
describing the interactions between polymer brushes on flat surfaces developed by 
Alexander[71], de Gennes[72] and Milner et al.[73] The steric interaction force, F(r), 
between polymer brush layers of thickness δ, separated by a distance r, was proposed 
by de Gennes[74] to be   
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 Here, k is the Boltzmann constant, T is the absolute temperature, s is the distance 
between the terminally-attached polymer chains, and α is a fitting parameter.  
    End-anchored polymers on nanoparticles can be treated – to a first approximation - 
as polymer brushes. On a flat surface, the volume available per grafted chain is 
constant as a function of the distance from a planar grafting surface, whereas the 
available volume increases with distance for a polymer brush on a highly curved 
surface. This will affect the extent of confinement on the brushes. The ability to 
design polymer modifiers on a nano-surface allows precise control of the colloidal 
suspension for nanocomposite fabrication and will influence the structure and 
property modulation, through its effect on dispersability and flocculation.   
    Simulations of the interaction force between freely-absorbing polymers on 
spherical nanoparticles [57] and between end-tethered polymers on both nanoparticles 
[75] and on cylindrical carbon nanotubes [61] have been developed.  The nanoparticle 
interaction forces due to the adsorbed polymers, FP(r), on nanoparticles have been 
simulated by an expanded grand canonical Monte Carlo simulation method for 
systems in which the stabilising polymer is similar in size to the nanoparticle. [57, 75]  
    This simulation evaluates the effect of σc, polymer chain length (N), grafting 
density (ρa), and colloid-polymer and polymer-polymer interaction energies on the 
polymer-induced force profiles between nanoparticles. The total binary nanoparticle 
interaction force is the sum of the two types of force: F(r) = FP(r) + FD(r).  The total 
force between nanoparticles is illustrated in Figure 8a [75].  As expected, there is a 
repulsion from steric interactions between the grafted chains.  However, there is also 
an attraction from polymer chains bridging two particles and from polymer segment-
segment interactions.  In the competition, the repulsion prevents close approach in 
comparison to bare particles, but it is often insufficient to overcome the attraction 
entirely.  These simulations show that tethered polymers are not particularly effective 
for dispersing very small nanoparticles. 
A minimum value of N and ρa is required for nanoparticle stabilization by 
polymer chains, even under good solvent conditions. Beyond the minimum N and ρa, 
excluded volume effects begin to dominate over the attractive forces, leading to 
purely repulsive forces and hence the stabilization of the nanoparticles. On the other 
hand, short chains or low grafting densities are ineffective in providing nanoparticle 
stabilisation.  The effects of end-tethered polymer chains around carbon nanotubes 
have also been simulated by self-consistent mean field methods. Similarly, a steric 
repulsion is provided by the polymer layer.  In this case, the repulsion prevents the 
nanotubes from moving close together into the attractive regime. The repulsive energy 
barrier, presented in Figure 8b as a positive energy, increases with increasing chain 
length and prevents nanotube contact.[60]  According to the simulation, with 
sufficiently long polymer chains, the total interaction energy is entirely repulsive.      
After the film formation of a colloidal nanocomposite, the polymer dispersant on 
a nanoparticle will come into contact with the continuous polymer matrix.  The 
interaction with this polymer chain and the matrix is expected to have a profound 
effect on properties.  The dispersant can be used to promote adhesion between the 
filler and the matrix.  Recent relevant results will be considered in Section 5.     
3.2. Polymer colloids/inorganic blends 
        Provided that they can coexist in a common media (e.g. water), polymer colloids 
can be blended with spherical nanoparticles or high aspect-ratio nano-clay platelets or 
nanotubes. An ordered, nanostructured nanocomposite can be created via horizontal 
or vertical deposition. Taking nanotubes as an example, a nanocomposite is created by 
blending finely-dispersed nanotubes and colloidal polymer particles uniformly in 
water. After deposition on the substrate, the water will evaporate and the polymer 
particles will assume a close-packed configuration with the nanotubes occupying 
interstitial void space.[76, 77] Finally, the polymer particles will coalesce to form a 
coherent film, locking the SWNTs within a so-called segregated network [77].  This 
method was first demonstrated by Grunlan et al. and has been used increasingly more 
often by others.  Figure 9a demonstrates an ordered honeycomb structure achieved 
from casting a binary blend of a polymer colloids and carbon nanotubes.  
Despite the promise of outstanding mechanical performance, nanocomposite films 
and bulk materials often display mechanical strengths that are far below the idealized 
theoretical predictions. This failure has been attributed to poor nanofiller dispersion in 
the polymer matrix and to weak interfacial adhesion with the matrix, as well as the 
random and uncontrolled morphology of the nanocomposites. [78,79] Polymer 
nanocomposites by colloidal routes have the potential to resolve these problems by 
achieving uniform mixing at the colloidal length scale. 
In this type of nanocomposite, the nanostructures are controlled through the 
polymer colloid particle size and the relative volume fractions in the blends. Besides 
polymer colloids, inorganic colloids, such as silica particles in water, can also be used 
in this process. Figure 9b gives an example of a carbon nanotube network created by 
using silica as a colloidal template, fabricated by vertical deposition.[80]  Figure 9c 
shows a PS-silica nanocomposite achieved with accelerated vertical deposition.[13]  
Table 1 summarizes the ordered colloidal nanocomposites deposited from various 
colloidal blends, which have been reported in the literature recently. 
4. Colloidal nanocomposites from colloidal hybrids  
In another approach, two-phase or hybrid particles – rather than homogeneous 
particles – are used as the basic building blocks for a nanocomposite.  In polymer 
hybrid particles, the second phase can be either another polymer or an inorganic 
nanoparticle.  The two primary methods for creating colloidal hybrid particles will be 
reviewed next.  
4.1. Colloidal hybrids by hetero-flocculation  
     In one approach for creating hybrid particles, a polymer particle can be used as a 
nano-scale substrate surface onto which inorganic nano-objects are attached through a 
hetero-flocculation process.  One of the first examples of the hetero-flocculation of 
smaller particles on larger particles was reported by Vincent and collaborators.[89] 
They used careful control of the charge to cause the adsorption of small colloidal 
particles onto larger, oppositely-charged colloidal particles. Since this pioneering 
work, others have gone on to attach inorganic nanoparticles, nanotubes, or clay 
platelets onto larger colloidal polymer spheres. The hetero-flocculation process can be 
driven by solvent treatment [90], pH adjustment [91], ion exchange [92], opposite 
charges [93], hydrogen bonding, or specific chemical reactions [94].  When the charge 
or polarity of colloid surfaces is used to attract nanocrystals, the process is usually 
referred to as controlled precipitation.  In the case of precipitation on polymer 
colloids, the surface needs to be decorated with a layer containing -NH2, -COOH, -
SO4H, -SO3H, -OH, -SH, -CONH2, -CH2NH2, -CH2Cl or similar groups. [95]  
When the hetero-flocculation occurs, a core-shell particle is created, in which a 
polymer core is surrounded by an inorganic shell.  The thickness of the shell can be 
effectively controlled through the concentration ratio of the polymer colloids and the 
attached inorganic nanoparticles.  Figure 10 schematically illustrates the assembly of 
various inorganics, e.g. 3-D nanoparticles, 2-D nanoclays and 1-D nanotubes, onto 
polymer colloid surfaces. Numerous types of inorganics, with nano-scale or micro-
scale dimensions, have been attached onto polymer colloids to create colloidal hybrid 
particles, as summarized in Table 2. Figure 11 gives an example of carbon nanotubes 
deposited on polystyrene particle surfaces. [91]  In some cases, the inorganic shell 
layer is referred to as “armour” to emphasize its hardness in comparison to the 
polymer core. 
4.2. Polymerisation of hybrid colloidal particles with an inorganic shell  
     A new emerging alternative method to create colloidal hybrids is by Pickering 
polymerization. The tendency for solid particles to adsorb strongly at liquid-liquid 
interfaces was first described by Ramsden [106] and Pickering [107] in the early 
1900s. This phenomenon is known as Pickering stabilization, and it is used widely to 
stabilize emulsions in a variety of applications, e.g. foods, cosmetics, paper-making, 
paints, and crude-oil recovery.[108,109] The general mechanisms of emulsion 
stabilization by solid particles have been attributed to both the creation of coherent 
particle layers and the formation of particle bridges when the droplets are sparsely 
covered.[110] The liquid-liquid interface can be used as a template to capture particles 
and to guide their assembly to create a variety of complex supracolloidal structures, 
referred to as Pickering emulsions.   
To create hybrid polymer particles, monomers can be emulsified in water using 
inorganic nanoparticles as the stabilizer.  Then, emulsion polymerization [111,112] 
can be carried out to prepare polymeric nanocomposite particles, as presented 
schematically in Figure 12a. SEM images of laponite clay-armored polystyrene latex 
particles and montmorillonite clay-armored polyacrylamide latex particles are shown 
as further examples in Figures 12b [111] and 12c [113], respectively.   
     There is also extensive work by the Armes group on colloidal hybrids by 
dispersion or emulsion polymerization of monomers in the presence of a pre-formed 
inorganic sol. [114-116]  They have prepared numerous types of colloidal hybrid 
structures, including raspberry, currant bun, silica-core/polymer-shell and polymer- 
core/silica-shell structures. As one particular example of interest here, they have 
synthesized poly(2-vinylpyridine)-silica [114] and polystyrene-silica colloidal hybrids 
[115, 116] with the polymer in the cores and silica in the shells, as determined by XPS 
and by elemental distribution analysis. The selection of the initiator is the key to the 
formation of colloidally-stable nanocomposite particles. The exact mechanism for the 
formation of these hybrids with silica as shells is not yet fully understood. It is not the 
case that the monomer droplets are simply stabilised by the silica sol and the 
subsequent polymerisation forms the “armoured” particles, because the final particle 
size (hundreds of nm) is significantly smaller than the diameter of the monomer 
droplets (tens of µms).   
Yet another method to prepare polymer particles with inorganic “armour” is via 
in-situ polymerization. Bourgeat-Lami et al. have used organically-modified laponite 
clay as seeds for emulsion polymerization and thereby prepared various colloidal 
hybrids with clays located at the polymer particle surfaces [117-119]. The processing 
conditions affected the particle morphology and latex stability. Table 3 summarizes 
various armoured hybrid particles by these various polymerization methods.  The list 
is not exhaustive but is meant to provide examples. 
4.3. Assembly of core-shell hybrid or armored particles to create nanocomposites 
    Polymer hybrid particles, created by the deposition methods just described, can be 
assembled to form nanocomposites with a structure ordered at the nanoscale.[125] 
The hybrid particles are most often packed on a face-centered cubic lattice [12,52], 
but body-centered cubic, body-centered orthorhombic, space-filling tetragonal, body-
centered tetragonal lattices are also possible.[32] After the deposition process, an 
ordered structure can be found, with inorganic particles (e.g. nanoclay or nanotubes) 
situated at the boundaries between the colloidal polymer particles.  If the temperature 
of the deposition process is less than the polymer Tg, the polymer particles will remain 
spherical.  At higher deposition and processing temperatures, the particles will deform 
to fill all available space, thus creating a honey-comb structure with the inorganic 
phase comprising the walls. In the case of a hard polymer (with a Tg above the 
deposition temperature), the particles create a template on which the inorganic phase 
is arranged.  Figure 13a is an example of an ordered honeycomb structure obtained 
from poly(styrene-co-butyl acrylate) (P(St-co-BuA)/clay hybrid particles prepared by 
Pickering emulsion polymerization.[119]  An example of using polymer colloids as a 
template is shown in Figure 13b [101].  In this case, surface hetero-flocculation was 
used to encapsulate PS particles with single-wall carbon nanotubes.  An ordered 
network of nanotubes was created in the deposition process.  Thereafter, the polymer 
was etched away to leave behind the templated nanotube network structure. 
The ordered nanocomposite structure can be adjusted through σc (varying from tens 
of nanometers to a few microns), the polydispersity of the size, the chemical 
architectures in the polymer core, the composition of the armored shell, and the shell 
thickness, ls. When using colloidal hybrids to produce 3-D polymer nanocomposites, 
σc and ls can be tailored during the emulsion polymerization process or the hetero-
flocculation process to adjust the core particle density in the final nanocomposite. 
[125]  
 5. Interface engineering of colloidal nanocomposites  
     Driving the development of these nanocomposites is the fact that, when properly 
designed, they have desirable combinations of properties that are not found in the 
individual components. As one example, when P(St-co-BuA)/clay hybrid particles are 
assembled into a nanocomposite, a percolating network of clay platelets is created. 
[119] This network is quite efficient in mechanical reinforcement, giving a 50-fold 
increase in the Young’s modulus in comparison with the polymer alone.  There is also 
a strong increase in the maximum stress before failure and in the toughness. Another 
example is nanocomposite adhesives from soft polymer colloids and carbon 
nanotubes. [84] The carbon nanotubes are used to tune the viscoelastic properties 
(elastic modulus and energy dissipation rate) of the nanocomposites and enhance the 
pressure-sensitive adhesive properties.  
Colloidal methods of nanocomposite processing use building blocks with a very 
high surface area, which results in nanocomposites with an extremely high internal 
interfacial area.  For instance, the interfacial area between particles with a radius of 
125 nm (assuming particle deformation but not coalescence) is greater than 10 m2 for 
every gram of polymer.  It is perhaps no surprise therefore to find from recent 
research that the composition and properties of the molecules at the interfaces 
between particles have a profound effect on the mechanical properties of the 
nanocomposite.  In the case of colloidal nanocomposites, Wang et al. [85] have 
pointed out that the dispersant for waterborne nanoparticles becomes localised at the 
interface with the matrix.  It was found that the value of the adhesive criterion, tan 
δ/E’, of the poly(buty acrylate) P(BuA)/MWNT colloidal nanocomposites  can be 
tuned through control of the interfacial structure. A small molecule (surfactant) or 
short chain polymer yielded inferior an tan δ/E’ value compared to high molecular 
polymer chains at the nanotube/matrix interface, and consequently a lower adhesion 
energy resulted. Figure 14a illustrates the correlation of the colloidal nanocomposite’s 
adhesion energy with tan δ/E’.  The adhesion energies of the nanocomposite 
adhesives can be adjusted by the extent of chain entanglement and molecular friction 
at the interface between the filler and the matrix. 
  Fundamentally, the performance and fracture mechanism of polymer 
nanocomposites containing high aspect-ratio fillers (e.g. nano-fibers [126], carbon 
nanotubes [127], and nano-platelets [128]) are controlled by the interfacial strength 
between the matrix and the filler and by the filler’s aspect ratio. A nano-filler will 
break during deformation of the nanocomposite only when the stress transferred to it 
is larger than its fracture strength.  If the transferred stress does not exceed the filler’s 
fracture strength, the filler will pull out from the matrix. The critical length, Lc, 
defined as the minimum length at which the stress transferred to a nano-filler equals 
its fracture strength, is calculated for fibers and platelets as 
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where σf is the filler fracture strength, D the filler diameter, and τ the interfacial 
strength.  The critical length of carbon nanotubes is calculated as  








−= 2
2
1
2 D
DD
L ifc τ
σ
                               (5) 
with Di being the inner diameter of the nanotubes.  The nano-filler will pull-out from 
the matrix when its length LNF is less than Lc, and it will fracture when LNF > Lc.  It is 
expected that the fracture of most colloidal nanocomposites will occur by nano-filler 
pull-out, because of the difficulty in achieving a high τ.   
In order for a nano-filler to increase the strength of a nanocomposite, clearly stress 
must be transferred from the matrix. Recent work has used covalent bonding of the 
matrix to the filler to ensure a high interfacial strength. [129] There are various 
examples in the literature showing that an increase in τ leads to increased macro-scale 
strength and toughness.  For instance, spherical nanoparticles in PP or PS systems 
[130] are highly effective in toughening the nanocomposite when the testing 
temperature is above the glass transition temperature (Tg) of the polymer matrix.  At 
the higher temperatures, the polymer can wet the nano-fillers and provide good 
interfacial adhesion.  A second example of interfacial effects is that when a polymer is 
grafted onto MWNTs to improve miscibility with the matrix, the efficient load 
transfer from the matrix to the nanotubes increases the mechanical performance. [131] 
Yet another example is that a high density of grafted polymer chains on SWNT 
surfaces leads to more effective interfacial stress transfer and results in a pronounced 
mechanical reinforcement. [132]  
Inspired by previous studies of how polymer chain length (N) and density (Σ) at 
interfaces influence fracture [133-135], adhesion [136], and friction [137,138], Wang 
et al. [139] systematically investigated the interfacial control of τ in a soft polymer-
nanotube nanocomposite through the chain length and density of the polymers 
physisorbed on carbon nanotube surfaces and then located at the nanocomposite 
interfaces. Figure 14b shows a scheme of physisorbed polymers on the carbon 
nanotube surface. The results showed that τ  increases with Σ  but then levels off above 
a critical value. The value of τ (per chain) increases with increasing chain length. 
They explained their results through an analogy between the force required in the 
nanotube pull-out process and the friction force of polymer brushes on solid surfaces 
sliding along a rubber. They predicted that the monomeric friction coefficient of 
different polymers could be used to tune the interfacial strength and consequently to 
adjust the macroscopic properties of colloidal nanocomposites.  
6. Advantages of colloidal nanocomposites  
      As mentioned in the Introduction, colloidal nanocomposites are fabricated through 
blending of particles at the nanoscale in the aqueous phase. The processing 
temperature only needs to be slightly higher than the glass transition temperature of 
the polymer.  In comparison to colloidal dispersions, polymer melts have much higher 
viscosities, so that blending with inorganic phases is much less efficient. It is not easy 
to disperse individual inorganic nanopoarticles in the viscous melt.  Lower melt 
viscosities are only obtained at temperatures well-above the polymer Tg, and 
nevertheless, inorganic particle agglomeration can still be problematic. 
Colloidal nanocomposites are more efficient for mechanical reinforcement, 
because of the uniform dispersion of the inorganic phase and the 3-D periodically 
ordered structure. Examples of mechanical improvement and influences controlling 
the mechanical properties have been discussed in Section 5.  As a general rule, low 
percolation thresholds require particles that are randomly oriented, finely-dispersed 
(not agglomerated or bundled), and having a high aspect ratio.  The colloidal route 
can satisfy all of these requirements. 
      The 3-D percolating network of a conducting inorganic phase can impart high 
electrical conductivity, and so measurements of conductivity are a good probe of the 
structure. For instance, a three-dimensional honeycomb network of SWNTs created 
around PS colloidal particles has an electrical conductivity on the order of 104           
Sm-1.[101] The percolation threshold for the onset of electrical conductivity in a 
nanocomposite of colloidal poly(vinyl acetate) latex and SWNTs has been found to be 
as low as 0.04 wt%.[82] By comparison, larger filler particles, i.e. micrometer-sized 
carbon black particles, have a percolation threshold of 2 vol.% in blends with a 
polymer colloid.[86]  A percolating network of a conducting polymer in a colloidal 
nanocomposite achieved a percolation threshold of 0.011, which is a factor of 10 
lower than in a conventional blend, accompanied by an electrical conductivity that is 
several orders of magnitude greater.[140] Elsewhere, a soft colloidal nanocomposite 
of P(BuA) and SWNTs achieved a percolation threshold of only 0.03 wt%.[84] These 
colloidal nanocomposites can serve as electrically-conductive adhesives and coatings 
and find applications in electronic devices and displays.   
There is also interest in using the assembly of colloidal particles to template 
inorganic phases in a structure ordered on the nano-scale. The polymer cores in hybrid 
colloidal particles can be removed by chemical etching or calcination.  A porous 
inorganic structure is left behind, and this inverse opal structure can serve as a 
template for other nanomaterials or 3D scaffolds for cell or tissue engineering. [51, 
141-143]  
Most existing cell and tissue scaffolds have the drawbacks of having a poorly 
ordered or even chaotic structure, requiring a complex fabrication process, and using a 
limited materials selection. The 3D scaffolds fabricated from colloidal nanocomposite 
networks allow the facile design of porosity, interconnectivity and pore size. The 
biocompatibility of the inorganic scaffolds can be modified by chemically-selected 
polymer layers on the inorganic surface. These mechanically strong, biocompatible 
and well-connected inverse opal structures mimic very well the micro-environment of 
three-dimensionally organized native tissues, providing the potential to systematically 
study cell growth as well as cell-cell and cell-matrix interactions.  
Colloidal nanocomposites with structures tailored on the nano-scale also have 
applications in printed flexible electronics [144], photonic bandgaps [145,146], 
sensors [147], data storage [148], and displays [149].  Of course, one of the oldest 
applications of waterborne polymer colloids is for architectural coatings.  Colloidal 
nanocomposites of polyacrylates and silica have been developed by BASF [150] for 
commercial applications as a transparent, flame-retardant, scratch-resistant coating. 
[151].  
7. Concluding remarks 
     This review has shown how recent research has drawn upon basic latex technology 
in the development of a class of nanocomposites.  The use of hybrid particles provides 
control at the nano-scale, whereas the arrangement of particles into colloidal crystal 
arrays offers controlled periodicity and symmetry at the mesoscale.  The properties of 
colloidal nanocomposites are modulated over these length scales.  
     In comparison to nanocomposites made by processing of polymer melts or 
solutions, colloidal nanocomposites exhibit desirable properties as a direct result of 
their structure.  For instance, the percolation threshold for electrical conductivity tends 
to be lower in colloidal nanocomposites.  Furthermore, when rigid particles are 
structured around deformable polymer particles, the former impart stiffness whereas 
the latter impart high strains at failure and toughness.  Soft nanocomposites made by 
the colloidal route hold particular promise. 
     To date, most of the emphasis in the literature has been on making hybrid materials 
and ordered structures, but there has been far less emphasis on the relationship 
between the nano/mesostructure and properties.  In order for colloidal nanocomposites 
to be developed for demanding applications, greater effort must be made in this 
direction.  Recent results have proven the key role that internal interfaces between 
nano-phases can play in determining properties, especially mechanical.  Interfacial 
design therefore is expected to be a particularly worthwhile pursuit.   
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Figure captions 
Figure 1. (a) Overview of the horizontal deposition process of polymer colloids (i.e. 
film formation). (b) AFM phase image of an ordered close-packed array of polymer 
colloids obtained by the horizontal deposition process. Average particle size is ~200 
nm; image size is 2 µm x 2 µm. 
Figure 2. (a) Scheme of the process of vertical deposition of polymer colloids. 
Redrawn after ref. [32]. (b) SEM of one layer and (c) seven-layer silica micropheres 
on a glass substrate processed by vertical deposition. The silica diameter is ~230 nm. 
Reprinted with permission from ref. [33]. Copyright © 2006 American Chemical 
Society. 
Figure 3. (a) Scheme of the spin-coating process of polymer colloids. (b) AFM phase 
image of an array of separated polymer colloid particles obtained by spin-coating. 
Image size is 2 µm x 2 µm. 
Figure 4. (a) Colloidal particle assembly on a chemically-patterned surface using the 
vertical deposition process. Redrawn after ref. [47]. (b) Colloidal particle assembly on 
surface channels using the horizontal deposition process. (c) Optical micrograph of 
polystyrene latex particles on a patterned polyelectrolyte surface. Reprinted with 
permission from ref. [45]. Copyright © 2000 American Chemical Society. (d) SEM 
image of poly(styrene) latex particles assembled within a channel with a 10 µm width 
and a 1.5 µm depth. Poly(styrene) particle size is 1.75 µm. Reprinted with permission 
from ref. [46]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
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Figure 5. (a) SEM image of a poly(styrene) latex particle array obtained by a floating 
self-assembly process. Particle size is 10 µm. The inset shows the corresponding 
“inverse opal structure” obtained by filling in the interstitial void space and removing 
the polymer particles. Reprinted with permission from ref. [51]. Copyright © 2005 
American Chemical Society.  (b) SEM image of a close-packed array of polymer 
colloids obtained by centrifugation. Particle size is 1 µm. Ref [52]-Reproduced by 
permission of The Royal Society of Chemistry. 
Figure 6. (a) Direct L-J interaction force FD(r) between two nanoparticles of varying 
diameter, σc, (as indicated in the legend) as a function of their separation distance, r. 
Simulated using Equation 2. (b) Interaction potential of two parallel SWNTs (in 
vacuum) as a function of the tube-tube distance, r, measured from the centres of the 
tubes (D is assumed here to be 1.1 nm). Reprinted with permission from ref. [59]. 
Copyright © 2004 American Chemical Society. 
Figure 7. (a) A TEM image of gold nanoparticles coated with poly(4-vinylpyridine) 
by surface-initiated atom-transfer radical polymerization at ambient conditions. 
Reprinted with permission from ref. [70]. Copyright © 2007 American Chemical 
Society. (b) AFM phase image of isolated multi-wall carbon nanotubes stabilized by 
physisorbed poly(vinyl pyrrolidone) after being deposited on mica.  Image size is 2 
µm x 2 µm. 
Figure 8. (a) Results of Monte Carlo simulations of the polymer-mediated force FP(r)  
at different grafting densities ranging from ρa* = 0.5 to 5.0 as indicated in the legend. 
σc is assumed here to be 10 times the polymer segment length, and the chain length is 
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taken as N =30. The direct L-J interaction force FD(r) is also shown for comparison. 
Reprinted with permission from ref. [75]. Copyright © 2006 American Chemical 
Society. (b) The total interaction energy between two parallel CNTs with end-tethered 
polymers (chain length N = 50 (line) and N = 100 (dotted line). Ref. [60]-Reproduced 
by permission of The Royal Society of Chemistry. 
Figure 9. (a) Schematic illustration of the horizontal deposition process for polymer 
colloid/nanotube blends. (b) SEM image of a nanocomposite comprised of a 
segregated network of carbon nanotubes in silica particles. Reprinted with permission 
from ref. [80]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.  (c) SEM image of 
an ordered colloidal nanocomposite obtained by accelerated vertical deposition. 
Larger PS latex spheres with σc = 1.28 µm are fully surrounded by smaller silica 
spheres with σc = 290 nm. Reprinted with permission from ref. [13]. Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA. 
Figure 10. Schematic illustration of the assembly of various inorganics (particles, 
platelets (clay), or nanotubes) on polymer colloid cores. Either the polymer colloids, 
the inorganics, or both are pre-treated to enable hetero-flocculation or precipitation to 
be triggered in the colloidal suspensions.  
Figure 11. (a) SEM images of 9.6 µm sulfonated PS latex particles encapsulated with 
NH2-functionalized MWNTs, and (b) the surface of one of these particles. Reprinted 
with permission from ref. [91]. Copyright IOP Publishing Ltd. 
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Figure 12. (a) Synthesis scheme for nano-inorganic-armored colloidal hybrid particles 
via Pickering polymerization. Redrawn after ref. [111]. (b) SEM image of laponite 
clay-armored polystyrene latex. Scale bar indicates 200 nm.  Reprinted with 
permission from ref. [111]. Copyright © 2005 American Chemical Society. (c) 
Montmorillonite clay-armored polyacrylamide latex particles. Scale bar indicates 1 
µm.  Reprinted with permission from ref. [113]. Copyright © 2006 American 
Chemical Society. 
Figure13. (a) TEM micrograph of cryo-tomed cross-section of poly(sty-co-
BuA)/laponite composite latex film obtained by horizontal deposition. A “honey-
comb” arrangement of the laponite is observed. Reprinted with permission from ref. 
[119]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. (b) Electron micrograph of 
an ordered network of single-wall carbon nanotubes obtained by etching the PS from 
a PS–SWNT blend nanocomposite fabricated by the vertical deposition method. Ref. 
[101]-Reproduced by permission of The Royal Society of Chemistry. 
Figure 14. (a) The dependence of the adhesion energy of an acrylic/nanotube blend 
nanocomposite adhesives on tan δ/E’ of the bulk material. The tan δ/E’ values can be 
tuned through the interface dispersant molecular weight.  Plotted from data in Table 1 
of ref. [85]. (b) An illustration of hydrophilic polymers physisorbed on the carbon 
nanotube surface:  low molecular weight polymer with high grafting density (Σ) (left) 
and high molecular weight polymer with a lower Σ (right).  
   Table 1.  Examples of Blends of Polymer Colloids with Inorganic Nanoparticles
Polymer
Inorganic 
nanoparticle
Dispersant for 
the inorganic 
particles
Film formation 
method
References
PVAc SWNT GA
Horizontal
deposition
[76, 77]
P(St-BuA) MWNT SDS 
Horizontal
deposition
[81]
PS, PMMA SWNT SDS, GA 
Horizontal
deposition
[82, 83]
P(BuA-co-AA) SWNT PVA
Horizontal
deposition
[84]
P(BuA-co-AA) MWNT
PVP, PVA, 
SDS, TX
Horizontal
deposition
[85]
PVAc Carbon black -
Horizontal
deposition
[86]
Sulfonated latex Au -
Vertical 
deposition
[87, 88]
PS SiO2 -
Vertical 
deposition
[12,13]
PVP = poly(vinyl pyrrolidone); PVA = poly(vinyl alcohol); SDS = sodium dodecyl 
sulfate; GA = gum arabic; TX = Triton X-100 (surfactant)
Table 1
Table 2. Examples of Hybrid Particles Obtained via Heteroflocculation or Precipitation
Polymer Inorganic phase
Polymer colloid 
size (m) Method Reference
PS
TiO2, SiO2, 
Clay(Laponite)
0.21~0.64 opposite charge [96]
PS Fe3O4 0.64 opposite charge [93]
PS Ag 0.23~0.605 specific reaction [94, 97]
PS Au 0.4, 1 specific reaction [97, 98]
PS ZnS 0.275 specific reaction [99]
PS CdS 0.13 opposite charge [100]
PS CdTe 0.468
solvent 
treatment, 
opposite charge
[90]
PS SWNT 0.4
Π stacking 
interaction
[101]
Sulfonated PS MWNT 5~10 pH adjustment [91]
Sulfonated PS CdTe(S) 0.64 opposite charge [102,103]
P(St-MAA-AA) CaCO3 0.38 specific reaction [104]
P(St-MAA-AA) Cu2O 0.08 specific reaction [104]
PNIPAM            Au ~0.45 opposite charge [105]
PMMA
Clay
(Montmorillonite 
and Laponite)
0.2 ion exchange [92]
Table 2
Table 3. Examples of “Armored” Hybrid Particles
Polymer Inorganic phase Colloid size (m) Synthesis Method References
PS
Clay
(Laponite)
~0.3
Pickering 
polymerization
[111, 112]
PAAm
Clay
(Montmorillonite)
0.7~1
Pickering 
polymerization
[113]
PS TiO2 1, 20~50
Pickering 
polymerization
[121, 122]
PMMA
Clay
(Montmorillonite)
~0.1
Pickering 
polymerization
[123]
P(St-BuA)
Clay
(Laponite)
~0.1
In-situ
polymerisation
[119]
PMMA Fe3O4 400
In-situ
polymerisation
[120]
PS Fe3O4 1~3
In-situ
polymerisation
[124]
P2VP Silica 0.18~0.22
Emulsion 
polymerization
[114]
PS Silica 0.2~3.3
Dispersion 
polymerization
[115, 116]
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